Adenovirus (Ad) vectors are widely used in gene therapy and in vitro/in vivo gene transfer because of their high transduction efficiency. However, Ad vector application in the gene therapy field is limited by poor transduction into cells not expressing the primary receptor, coxsackievirus and adenovirus receptor. To overcome this problem, several types of capsid-modified Ad vectors have been developed. The HI loop or C-terminus of the fiber knob, the C-terminus of the protein IX (pIX) and the hypervariable region 5 of the hexon are promising candidate locations for displaying foreign peptide sequences. In the present study, we constructed Ad vectors in which each of the above region was modified by a simple in vitro ligation-based method, and examined the characterization of each Ad vector containing the FLAG tag (DYKDDDDK) or RGD (CDCRGDCFC) peptide. Enzymelinked immunosorbent assay examining the surface expression of foreign peptides on the virus suggested that foreign peptides are exposed on virion surfaces in all types vectors and that the hexon was the most efficiently reacted, reflecting the copy number of the modification. However, in the case of the transduction efficiency of Ad vectors containing the RGD peptides, the modification of pIX and the hexon showed no effect. The modification of the HI loop of the fiber knob was the most efficient, followed by the modification of the C-terminus region of the fiber knob. These comparative analyses, together with a simple construction method for each modified Ad vector, could provide basic information for the generation of capsid-modified Ad vectors.
Introduction
Adenovirus (Ad) vectors based on Ad type 5 are widely used for gene transfer studies and clinical gene therapy trials, since they can achieve high transduction efficiency and transduce into both dividing and non-dividing cells. 1, 2 However, one of the hurdles confronting Admediated gene transfer is that Ad infection is dependent on the expression levels of the coxsackievirus and adenovirus receptor (CAR) in the target cells. Ad vectors cannot transfer genes of interest into cells lacking CAR expression (i.e. many advanced tumor cells, peripheral blood cells, hematopoietic stem cells, dendritic cells, etc). 3, 4 Genetic modification of the Ad capsid, such as its fiber, protein IX (pIX), or hexon, is an attractive strategy for altering the Ad tropism. Among these options, modification of the fiber proteins has been the most widely studied. Fiber proteins consist of three distinct domains: the tail, shaft and knob. Each domain has distinct functions in host cell infection. The trimeric subunits of the C-terminal knob domain are responsible for binding to the host's primary cellular receptor, CAR. 5, 6 Incorporation of the RGD (Arg-Gly-Asp) peptide or a stretch of lysine residues (K7 [KKKKKKK] peptide), which target av integrins or heparan sulfate proteoglycans on the cellular surface, respectively, into the HI loop or the C-terminal region of the fiber knob allows Ad tropism to be expanded (or changed) by binding the modified fiber protein with the cellular receptor. [7] [8] [9] [10] The C-terminal region of pIX is another candidate location for capsid modification. 11 pIX is a minor structural protein contained in the Ad virion which enhances the structural integrity of the particles by stabilizing hexon-hexon interaction. 12, 13 It also plays roles in transcriptional activity and nuclear reorganization. 14 The attractive characteristics of ligand insertion into the pIX region is that the C-terminus of pIX tolerates the insertion of large ligands. [15] [16] [17] As Ad pIX resides at a deep and hidden position below the tops of the hexon capsomer, Ad vectors containing the ligand-pIX fusion protein, which incorporates an a-helical spacer to sufficiently lift the ligands and expose them at the surface of the capsid, were developed. 18 Enhanced transduction was reported by Ad vectors containing the RGD peptide in the C-terminus of pIX with an a-helical spacer. 18 Hexons are the most abundant capsid proteins and comprise each geometrical face of the capsid. As hexons are mostly targeted by neutralizing antibodies, 19 hexon modification has been reported to escape from neutralizing antibodies as well as to modify the tropism. 20 The hypervariable region (HVR) 5 of hexon loop L1 is a candidate location for incorporating foreign peptides without affecting the normal function of Ad type 5 as a gene transfer vector (i.e. viral growth, virus formation, virion stability, CAR-mediated infectivity). 21, 22 Vigne et al. 21 have reported that Ad vectors containing the RGD peptides (DCRGDCF) at HVR5 of the hexon can infect cells via cellular av integrin, independently of the CAR. However, Wu et al. 22 have reported that the His tag sequence at HVR5 had no effect on the transduction efficiency of Ad vectors when the vectors were applied to cells expressing anti-His tag single-chain antibody (scFv).
One attractive point of pIX or hexon modification is that 240 or 720 molecules of foreign peptides per virion are displayed at pIX or the hexon, respectively, while only 36 molecules are displayed at the fiber (note that the fiber and hexon are composed of trimeric subunits). Therefore, pIX-or hexon-modified Ad vectors containing heterologous peptides might be more effective than fibermodified Ad vectors.
In the present study, we first developed a simple method for generating pIX-or hexon-modified Ad vectors by using in vitro ligation-based plasmid construction. The functionalities of Ad vectors containing the FLAG tag or RGD peptide in the HI loop or C-terminus of the fiber knob, C-terminus of pIX, or the HVR 5 region of the hexon were systemically compared. These comparative analyses could provide basic information for generation of capsid-modified Ad vectors.
First, we constructed newer vector plasmids pAdHM56 and -62, which we used for the generation of pIX-or hexon-modified Ad vectors, respectively. These contain a unique XbaI site in the coding regions of the C-terminal of pIX or HVR5 of the hexon, respectively (Figure 1 ), where only a minimal XbaI recognition sequence (TCTAGA) was introduced. pAdHM56 and -62 also contain unique I-CeuI/SwaI/PISceI sites in the E1 deletion region; hence, a transgene expression cassette can be cloned into the E1 deletion region by simple in vitro ligation, as previously described. 23, 24 The shuttle plasmid pHM15-75A was constructed by introducing oligonucleotide 1/2, À3/4, À5/6, À7/8 (Table 1) into a derivative plasmid of pHM15.
25 pHM15-75A contains XbaI, AvrII, NheI and SpeI sites at both ends of a multicloning site and the coding sequence of a 75 Å a-helical spacer, as described by Vellinga et al., 18 in the same multicloning site (Figure 1a) . Detailed information about the constructions of the vector and shuttle plasmids is available from the authors upon request.
We previously developed a simple method for generating fiber-modified Ad vectors. 9, 10 In that method, unique restriction enzyme sites (Csp45I and/or ClaI site) were introduced into the HI loop or C-terminal coding region of the fiber knob of the Ad vector plasmid, and the foreign DNA coding peptide of interest could easily be cloned into their regions by simple in vitro ligation.
In the present study, we expanded upon this system, so that heterologous peptide sequences could be inserted at the C-terminus region of pIX and the HVR5 region of the hexon. Figure 1 shows a representative example for generating Ad-RGD(pIX/75)-L2 and Ad-RGD(hexon)-L2, luciferase-expressing Ad vectors containing the RGD peptides in the C-terminus of the pIX via a 75 Å a-helical spacer and in the HVR5 region of the hexon, respectively. By using pHM15-75A, the peptide of interest coding sequence together with the 75 Å a-helical spacer coding sequence could easily be introduced into the C-terminal coding region of pIX of pAdHM56. As XbaI, AvrII, NheI and SpeI produce compatible cohesive ends, AvrII, NheI and SpeI sites as well as the XbaI site can be used for cloning into the XbaI site. Oligonucleotides corresponding to the peptide of interest can also be directly introduced into the XbaI site of pAdHM56. For the generation of pAdHM56-RGD75-L2, XbaI-digested pAdHM56-L2, in which a luciferase expression cassette was introduced into the E1 deletion region of pAdHM56 using I-CeuI and PI-SceI sites, 23, 24 was ligated with AvrII-digested pHM15-75A-RGD, which was constructed by the introduction of oligonucleotides 9/10 corresponding to a GS linker plus the RGD-4C (CDCRGDCFC) peptide into the Csp45I/AscI sites of pHM15-75A ( Figure 1a ). pAdHM62-RGD-L2, a vector plasmid for the hexon-modified Ad vector containing the RGD peptide, was constructed by the ligation of XbaI-digested pAdHM62-L2 with oligonucleotides 11/12, which contain a binding site with an XbaI-digested fragment and correspond to the RGD-4C peptide (Figure 1b) . Oligonucleotides were designed so that the positive recombinant plasmid lacked an XbaI site for convenience of selection. Sequencing of all inserted oligonucleotides in each plasmid verified that the clones contained the appropriate sequences.
pAdHM56-FLAG-L2, pAdHM56-FLAG75-L2, pAdHM56-His-L2, pAdHM56-His75-L2, pAdHM56-RGD-L2 and pAdHM62-FLAG-L2 were similarly constructed as shown in Figure 1 by using XbaI-digested pAdHM56-L2 or pAdHM62-L2 with oligonucleotides 11-20. Ad vectors were generated by the transfection of PacI-digested linearized vector plasmids described above into 293 cells and were prepared as described previously. 23, 24 The conventional Ad vector (Ad-L2) and fiber-modified Ad vectors (Ad-RGD(HI)-L2 and Ad-RGD(C)-L2), had been previously constructed. 9, 10 Determination of virus particle titers (VP) and infectious titer was accomplished spectrophotometrically by the method of Maizel et al. 26 and by using an Adeno-X Rapid Titer Kit (Clontech, Palo Alto, CA, USA), respectively. The infectious titer-to-particle ratio was 1:10 for Ad-L2, 1:17 for Ad-RGD(HI)-L2, 1:28 for Ad-RGD(C)-L2, 1:9 for Ad-RGD(pIX)-L2, 1:23 for Ad-RGD(pIX/75)-L2, 1:44 for Ad-RGD(hexon)-L2. All capsid-modified Ad vectors except Ad-RGD(hexon)-L2 were readily propagated, with similar particle titers to those of the conventional Ad vector, Ad-L2. The growth rate of Ad-RGD(hexon)-L2 was similar to that of Ad-L2, but the yield was approximately 10 times lower. Ad vectors and vector plasmids used in the present study are summarized in Table 2 . All capsidmodified Ad vectors contain CAR and integrin binding motifs in the fiber and the penton base.
We then examined whether foreign peptides are displayed in the HI loop of the fiber knob, the C-terminus of the fiber knob, the C-terminus of pIX or the HVR5 region of the hexon ( Figure 2 ). To do this, we generated capsid-modified Ad vectors containing the Figure 1 The construction strategy for pIX-or hexon-modified Ad vectors containing foreign peptides. (a) Construction of pIX-modified Ad vector. pAdHM56 was digested by I-CeuI/PI-SceI and ligated with I-CeuI/PI-SceI-digested pCMVL1a, which contains a CMV promoterdriven luciferase expression cassette, resulting in pAdHM56-L2. The shuttle plasmid pHM15-75A-RGD, which cloned oligonucleotides corresponding to the GS linker plus the RGD-4C peptide into pHM15-75A, was digested with AvrII and ligated with XbaI-digested pAdHM56-L2, resulting in pAdHM56-RGD75-L2. When AvrII, NheI or SpeI sites of the shuttle plasmid are used for cloning into the XbaI site of the vector plasmid, the positive recombinant plasmid lacks an XbaI site. Therefore, generation of the self-ligated plasmid is reduced by the digestion of the ligation sample with XbaI. A luciferase-expressing Ad vector containing the RGD peptide in the C-terminal of pIX with a 75 Å a-helical spacer, Ad-RGD(pIX/75)-L2, was produced by transfection of the PacI-digested pAdHM56-RGD75-L2 into 293 cells.
(b) Construction of hexon-modified Ad vector. pAdHM62-L2 was constructed by the ligation of I-CeuI/PI-SceI-digested pAdHM62 and I-CeuI/PI-SceI-digested pCMVL1a. Then, pAdHM62-L2 was digested with XbaI and ligated with an oligonucleotide corresponding to the linker (GS) and the RGD-4C peptide that contains a binding site with an XbaI-digested fragment, resulting in pAdHM62-RGD-L2. The oligonucleotide was designed so that the positive recombinant plasmid lacks an XbaI site. Generation of the self-ligated plasmid was reduced by the digestion of the ligation sample by XbaI. A luciferase-expressing Ad vector containing the RGD peptide in the HVR5 region of the hexon, Ad-RGD(hexon)-L2, was produced by transfection of the PacI-digested pAdHM62-RGD-L2 into 293 cells.
Characterization of capsid-modified adenovirus vectors S Kurachi et al FLAG tag peptide in each region. Expression of the FLAG tag peptide in Ad-FLAG(HI)-L2, Ad-FLAG(C)-L2, Ad-FLAG(pIX)-L2 and Ad-FLAG(hexon)-L2 was examined by Western blotting. The total protein (1 mg) of each vector in 1 Â sample buffer containing 4% b-mercaptoethanol was loaded on the SDS-PAGE gel after boiling 5 min, followed by electrotransfer to a PVDF (polyvinylidene difluoride) membrane. After blocking in Block Ace (Dainippon Pharmaceuticals, Osaka, Japan), the filters were incubated with ANTI-FLAG M2 monoclonal antibody (Sigma, Saint Louis, USA) (1:3000), followed by incubation in the presence of goat anti-mouse IgG HRP (Horseradish peroxidase)-linked antibody (Cell Signaling Technology Inc., MA, USA). The filters were developed by Chemi-Lumi One (Nacalai Tesque, Kyoto, Japan). The signals were read using a LAS-3000 machine (FUJIFILM, Tokyo, Japan). The FLAG tag peptide in the HI loop and the C-terminus of the fiber knob were about 60 kDa, similar size to a fiber protein. The molecular weight of pIX was 14.4 kDa and the FLAG tag peptide of Ad-FLAG(pIX)-L2 was about 14.4 kDa. The FLAG tag peptide detected in Ad-FLAG(hexon)-L2 was about 110 kDa, which is similar to the molecular weight of the hexon. Although the copy number of pIX is higher 342-3523) E3(-)(28133-30818) hexon-coding region Figure 
than that of the fiber, the intensity of the band of Ad-FLAG(pIX)-L2 was weaker than that of Ad-FLAG(HI)-L2 and Ad-FLAG(C)-L2. This phenomenon is not due to impaired incorporation efficiency of the modified-pIX (at least the modified-pIX without the 75 Å a-helical spacer), because similar intensity of the pIX band was observed between Ad-FLAG(pIX)-L2 and Ad-L2 by Western blotting using anti-pIX antibody (kindly provided by Dr Keith N Leppard, Biological Sciences University of Warwick Coventry, UK) 27 ( Figure 5b ; will be described later). It remains unclear why the results of Figure 2 (anti-FLAG tag antibody) and Figure 5 (anti-pIX antibody) are different. The discrepancy might result from the property of each antibody. Anti-FLAG tag antibody is monoclonal, while anti-pIX antibody is polyclonal. These results suggested that the FLAG tag peptide was expressed as a fusion protein of the fiber, pIX or hexon.
Next, we examined by enzyme linked immunosorbent assay (ELISA) whether the FLAG tag peptide in each region was displayed on the virus surface (Figure 3) . Purified viruses were incubated in carbonate-bicarbonate buffer (Sigma) and immobilized on a 96-well immunoplate (NALGE NUNC International, Tokyo, Japan) at 41C. On the following day, wells were washed with phosphate buffered saline and blocked with Block Ace. Anti-FLAG tag monoclonal antibody (1:1000) diluted in Block Ace was bound to the immobilized virus and washed with phosphate-buffered saline containing 0.05% Tween20 (Polyxyethylene (20) Sorbitan Monolaurate; Wako Pure Chemical Industries Ltd, Osaka, Japan). Next, a secondary antibody (goat anti-mouse IgG HRP-linked antibody) diluted in Block Ace (1:1000) was bound to a mouse anti-FLAG tag antibody, and HRP was detected by TMB PEROXIDASE SUBSTRATE (MOSS Inc., Pasadena, ML, USA). Absorbance at 450-655 nm was measured by microplate reader. Ad-FLAG(HI)-L2, Ad-FLAG(C)-L2, Ad-FLAG(pIX)-L2 and Ad-FLAG(hexon)-L2 showed higher absorbance values than Ad-L2. Ad-FLAG(hexon)-L2 showed the highest absorbance values among all FLAG tag peptides displaying Ad vectors (Figure 3) . The absorbance values were dependent on the copy number of the fusion protein on the virus surface. Ad-FLAG(pIX)-L2, however, showed only slightly higher absorbance than Ad-FLAG(HI)-L2 and Ad-FLAG(C)-L2. ELISA is based on the ability of the anti-FLAG tag antibody to bind to the FLAG tag sequence on each Ad vector. The accessibility to the FLAG tag sequence at the C-terminus of pIX might be impaired, because pIX was buried between the hexontops. These results suggested that the fiber-(both the HI loop and C-terminus), pIX-, and the hexon-modified Ad vectors that were generated in this study did in fact display foreign ligands on the viral surface. We and several groups have reported the feasibility of Ad vector application containing the RGD peptide in the HI loop or the C-terminus of the fiber knob, the C-terminus of pIX and the HVR5 region of the hexon. 9, 10, 18, 21, 28 However, there has been no report about which region is suitable for displaying the RGD peptide. To examine this, we constructed Ad vectors containing the RGD peptide in the fiber knob (HI loop or C-terminus), pIX (with or without 75 Å a-helical spacer), 
Abbreviation: Ad, adenovirus. Each modified Ad vector has additional amino-acids derived from unique restriction enzyme sites (Csp45l, Clal or Xbal) in each region, but not be described here. Figure 2 Western blotting of FLAG tag-modified Ad vectors. The total protein (1 mg) of each vector in 1 Â sample buffer containing 4% b-mercaptoethanol was separated on a 4-20% SDS-PAGE gel, and the expression of the FLAG tag peptide was analyzed by Western blotting using mouse anti-FLAG tag monoclonal antibody. As a control, the membrane was also incubated with anti-fiber knob antibody (kindly provided by RD Gerard, University of Texas Southwestern Medical Center, Dallas, TX, USA). The band of the fiber of Ad-FLAG(HI)-L2 and Ad-FLAG(C)-L2 was higher than that of the other vectors, reflecting the insertion of the FLAG tag into the HI loop or C-terminus of the fiber knob. The extra bands marked with an arrow are proteolytic degradation products. Characterization of capsid-modified adenovirus vectors S Kurachi et al and hexon and compared the luciferase production in SK HEP-1 and SF295 cells transduced with each vector (Figure 4 ). In the case of the pIX-modified Ad vector, the vector containing the 75 Å a-helical spacer between the C-terminus of pIX and the RGD peptide was also constructed as described previously, 18 together with the vector without the a-helical spacer. The RGD (CDCRGDCFC; RGD-4C) peptide binds to integrin avb3 and avb5 on the cellular surface. [29] [30] [31] SK HEP-1 cells were CAR-positive, while SF295 cells were CARnegative. Both cells expressed avb3 and avb5 integrins (the expression of CAR and integrins in each cell was examined in our previous report by flow cytometry). 28 The luciferase enzymatic activity following transduction with Ad-RGD(HI)-L2, Ad-RGD(C)-L2, Ad-RGD(pIX)-L2, Ad-RGD(pIX/75)-L2 and Ad-RGD(hexon)-L2 was only about two to three times different from that with Ad-L2 in SK HEP-1 cells (Figure 4a ). This would reflect that all vectors efficiently transduce via (at least) CAR. In contrast, in SF295 cells Ad-RGD(HI)-L2 and Ad-RGD(C)-L2 showed approximately 230-or 10-fold higher luciferase production, which mediated via an RGD-integrindependent pathway (our previous data and data not shown), 10, 28 than Ad-L2 (Figure 4b ). Luciferase production in SF295 cells transduced with Ad-RGD(pIX)-L2, Ad-RGD(pIX/75)-L2 and Ad-RGD(hexon)-L2 were not enhanced compared with Ad-L2. Lower luciferase production in SF295 cells transduced with Ad-RGD(hexon)-L2 was due to the about four times lower ratio of infectious titer-to-particle titer of Ad-RGD(hexon)-L2 in comparison with that of Ad-L2. These results suggested that the HI loop of the fiber knob is the most suitable region for capsid modification at least in the case of the insertion of the RGD peptide.
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Vellinga et al. 18 reported that Ad vectors containing the RGD peptide at the C-terminus of pIX with a 75 Å a-helical spacer could transduce more efficiently into CAR-negative Eoma cells than vectors with a 30 or 45 Å a-helical spacer or no spacer. In the present study, we used a similar a-helical spacer sequence to that used by Vellinga et al., 18 but no enhanced transduction was observed. The level of gene expression of Ad-RGD(pIX/ 75)-L2 was approximately three times lower in the SF295 cells than Ad-L2. We speculated that the lower transduction efficiency of Ad-RGD(pIX/75)-L2 might be due to the decreased incorporation efficiency of pIX-spacer-RGD into Ad-RGD(pIX/75)-L2. Therefore, we examined the incorporation of pIX into virus particles by Western blotting using the anti-pIX antibody (Figure 5a ). The data obtained suggested that the incorporation efficiency of pIX-spacer-RGD into Ad-RGD(pIX/75)-L2 was greatly decreased, and only a faint band (marked with an asterisk) was observed, while that of pIX-RGD into Ad-RGD(pIX)-L2 was similar to that into Ad-L2, a control virus (Figure 5a ). Therefore, a longer spacer might hamper incorporation efficiency. This would be the reason why Ad-RGD(pIX/75)-L2 did not show increased transduction efficiency. To examine this phenomenon in more detail, the incorporation of modified-pIX with the FLAG tag or His tag (HHHHHH) peptide into each virus was examined instead of the RGD peptide (Figure 5b ). Modified-pIX without the spacer (Ad-FLAG(pIX)-L2 and Ad-His(pIX)-L2) was similarly incorporated into the wild-type virus (Ad-L2), while that with the spacer (Ad-FLAG(pIX/75)-L2 and Ad-His(pIX/75)-L2) was severely impaired. When the vectors were over-loaded on the SDS-PAGE gel, the band of the RGD-, FLAG tag-or His tag-modified pIX with a longer spacer was observed. Therefore, incorporation efficiency of modified-pIX was not completely impaired ( Figure 5c ). The pIX-spacer-His tag peptide was more efficiently incorporated into Ad-His(pIX/75)-L2 than the pIXspacer-FLAG into Ad-FLAG(pIX/75)-L2, suggesting that the kind of peptide inserted might affect the incorporation efficiency when the longer spacer sequence is used. Vellinga et al. 18 reported the generation of pIX-modified Ad vector with a longer spacer by co-transfection of vector plasmid lacking pIX coding region and the plasmid expresses a series of modified pIX. The incorporation efficiency of pIX with a longer spacer into virion was lower than that of conventionalpIX, although their efficiency was higher than that in the present study. Subtle differences in the linker sequence between pIX and the longer spacer or between the longer spacer and the RGD peptide might have caused this difference in results. Their group recently reported new method for generation of pIXmodified Ad vectors. 32 They created a series of helper cell lines producing modified-pIX with and without longer spacers. The incorporation efficiency of pIX with a longer spacer into virion generated by the method was similar to that of unmodified-pIX. They also showed that the heat-stability of pIX-modified Ad vector with a longer spacer was worse than that of the Vigne et al. 21 have reported that Ad vectors containing the RGD peptide (DCRGDCF) at the HVR5 region of the hexon can infect cells via cellular av integrin independently of CAR, which was inconsistent with the present study. The precise mechanism for these differences remains unclear. Subtle differences in the inserted RGD peptide sequence (SRGSCDCRGDCFCGSPR including the restriction enzyme-coding sequence in our study and GSDCRGDCFGS in their study) or the difference in the cell types used might have caused the discrepancy in results.
After we submitted this manuscript, Campos and Barry 33 reported a similar study in which fiber-, pIXand hexon-modification were compared. They generated metabolically biotinylated Ad vectors by the insertion of the biotin acceptor peptide (BAP) in each location to directly compare targeted transduction through the fiber, pIX and hexon using a variety of biotinylated ligands, such as antibodies and proteins, which had a higher affinity than the RGD peptide. They reported that the modification of the fiber was more efficient than that of pIX and hexon, 33 which is consistent with the present report. They discussed how high affinity ligands at pIX or hexon made it impossible for the virus to escape from the endosome, and enter the cytoplasm, and traffic to the nucleus because the interaction between ligands at pIX or hexon and the cellular receptor was very strong. In the present study, we chose the RGD peptide to change (or expand) the tropism of the Ad vector, which had a lower affinity than antibodies or proteins. The modification of pIX and hexon with the RGD peptide might also have affected intracellular trafficking.
One of the possible reasons why the HI loop of the fiber knob is efficient in the case of the RGD peptide is that peptides displayed in the fiber knob can easily access the target molecules (receptors) because fiber knobs are the outmost capsid proteins of Ad vectors (the HI loop of the fiber knob is more exposed than the C-terminus). Therefore, pIX-modified or hexon-modified Ad vectors without the fiber proteins might show efficient ligand-mediated transduction because the ligand can come close to the cellular surface receptor. In addition, fiber-less Ad vectors do not infect cells via CAR due to the lack of fiber proteins. 34, 35 pIX-modified or hexon-modified Ad vectors without fiber proteins could be a platform vector for targeting, although the fiber-less Ad vector was weaker against physical burdens, such as heat-treatment and freeze-and-thaw, than the conventional Ad vector (our unpublished data).
In summary, we have developed a simple method based on in vitro ligation to construct Ad vectors containing heterologous peptides in the C-terminus of pIX or the HVR5 region of the hexon. These Ad vectors displayed foreign peptides on the viral surface in each region. In the case of the insertion of the RGD peptide, Ad vectors modified in the HI loop of the fiber knob proved the better choice. As the vector system shown here enables easy construction of capsid-modified Ad vectors displaying a peptide of interest, it has great potential for gene therapy and gene transfer experiments.
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(c) The pIX-modifed Ad vector containing the RGD, FLAG tag, or His tag peptide with a 75 Å a-helical spacer. The extra bands marked with an arrow are proteolytic degradation products. The asterisks indicate the band of the modified-pIX with a 75 Å a-helical spacer.
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